Introduction
Reversible axial fans are used to achieve forced air-gas flow in the primary and reverse flow regime. Efficiency of these fans is relatively low for the straight profile of the blades and attack air flow on the profiles.
Type VKS dryers for drying timber (manufacturer "Nigos electronik", Niš) use low--pressure axial fans for providing alternating air circulation, fig. 1 . Depending on the drying capacity, the number of fans which are mounted under the ceiling of the drying chamber range from 3 to 8, for whose drive the power of 5 to 24 kW is required. Electrical power of fans is around 0.2-0.3 kW/m 3 of timber. By adequate construction of the fan and increase in fan efficiency, the drive power for the fan can be reduced. The efficiency of reversible axial fans that are now being used is about 0.58.
-------------- To increase the energy efficiency of a dryer, the design of a reversible axial fan was developed and tested on the test rig.
Calculation of the model fan
The efficiency of the fan depends on the shapes of the blade profiles, the blade itself, and the ratio of the diameters of the impeller hub and the shroud.
To determine the shape of the impeller blade, it is sufficient to determine its profiles in 5 to 12 elementary stages, approximately equally distributed along the height of the blade. Figure 2 schematically shows a meridian section of a reversible axial fan, with a developed cylindrical section for the mean section of the impeller, and velocity triangles immediately before and after the cascade. The velocity triangles are shown for the primary flow of the fluid, left-to-right flow ( fig. 1 : flow velocity c, circumferential velocity direction u). With the change in the flow direction (circumferential velocity direction  u), the flow becomes reversible (flow velocity  c).
The fan impeller is designed under the principle of equal specific work of all elementary stages, that is, under the principle of flow along axially symmetrical cylindrical surfaces.
For calculation parameters, volumetric flow Q = 3.61 m 3 /s, total pressure rise Δp tot = 180 Pa, rotation speed n = 1405 rpm, and assumed efficiency (hydraulic  h = 0.75 and total  = 0.65), the basic geometry of the fan impeller was obtained [1, 2] :  D i = 300 mm -diameter of the fan impeller hub,  D e = 630 mm -peripheral diameter of the fan impeller, and  z K = 6  number of impeller blades. The diameter of the fan impeller hub and other geometrical values were obtained according to the recommendations for optimal values of dimensionless volume coefficient and pressure coefficient [3] .
The fan was calculated with constant specific work in elementary stages (Y K.i = Y K = const.), with straight mean line profiles with seven cylindrical sections equally distributed along the height of the blade. The calculation was performed using the method of lift forces with the expression:
For a necessary flow deflection that should be achieved by the profile cascade (ζ YR ), the coefficient of profile lift (ζ Y ) is determined for the appropriate incidence angle (), as well as the angle of the profile inclination in the cascade ( t ) that will allow for flow deflection, fig. 2 :
where   is the angle of the mean relative velocity to infinity. The lift coefficient of the individual profile is different than the lift coefficient of a profile in the cascade due to the presence of adjacent profiles. The relation between the lift coefficient of the profiles in the cascade (ζ YR ) and the individual profile (ζ Y ) is indicated with k (k = ζ YR /ζ Y ) and it can be determined from the diagram ( fig. 3) , depending on the relative cascade pitch (t/l) and profile inclination angle  t , where the values for the angles of the mean relative velocity to infinity   . can be adopted in the first approximation. As the lift coefficients for straight, completely symmetrical profiles are not known, the lift coefficients for a flat plate are used in the calculation of the lift coefficients (ζ Y ) of the individual profile. The lift coefficients (ζ Y ) for a flat plate can be determined theoretically (for frictionless flow) depending on the incidence angle ():
or by using the diagram, obtained experimentally for round-arch profiles and flat plates [3, 4] , shown in fig. 4 , depending on the profile finesse (f/l), where the values for the flat plate are given along the ordinate, as a boundary case of the round arch f/l = 0 (l/R = 0).
Selection of straight symmetrical profiles for blade construction
The shape of the profile for blade construction was selected after the numerical simulations of flow were carried out in the fan with blades with straight, completely symmetrical profiles, and different distribution of thickness along the mean line of the profile and different curvatures of profile ends [1, 2] . After the analysis of the operating characteristics of fans obtained through numerical simulations, the straight profile (fig. 5) marked PP2 [2] , was selected for blade construction, with the maximum thickness in the middle of the profile, at the hub  imax = 12 mm and at the shroud  emax = 6 mm, with the distribution of the thickness along the mean line as shown in tab. 1, and the profile leading and tail curvature radii r = r 1 = r 2 = 0.2δ max . The basic data on geometry of the profile cascade in cylindrical sections i (i = I-VII), upon which the model of the fan for numerical simulations was formed, are given in tab. 2.
The difference in the inclination angles of the profile mean line at the hub ( ti = 53.7°) and the shroud ( te = 24.6°), the angular spatial blade curvature  L ( fig. 6 ), is For the manufacture of a physical model for experimental research, apart from the calculated profiles for the formation of a numerical model (seven cylindrical impeller sections, tab. 2), for the purpose of better accuracy in constructing a spatially curved blade, the profiles for six more sections were calculated and defined, with the additional sections selected in the middle of the primary sections (marked with "prim" in tab. 3), thus the blade construction was performed with known profiles (PP2) for thirteen cylindrical sections of the impeller (13 elementary stages). The basic data for all cylindrical sections are given in tab. 3.
Figure 7(b) shows straight blade profiles developed in a plane (stacked profiles), whose mean lines developed in a plane are shown in fig. 7(a) , while the data on the profile geometry (PP2 profile) are given in tab. 1.
Based on the calculations and technical documentation of the profile (2-D), the 3-D model of the fan blades was created in SolidWorks. On the basis of the 3-D drawings of the blade, a physical model of the blade was constructed from aluminium on a CNC milling machine ( fig. 8) , which was used to cast model fan blades. On the basis of the blade model for casting, the blades of the model impeller were made from aluminium by sand casting. The impeller ( fig. 9 ) had six blades (z K = 6), which were attached to the hub of the impeller using M12 nuts and special conical bolts which were partially cast into the blades so as to allow manual adjustment and rotation of blades for a specific angle. The rotation of the blade was limited by the length of the hub (L H = 120 mm) and the cylindrical shape of the hub.
The blades were mounted on the hub under a specific blade angle ( t ), which was defined in accordance with the profile inclination angle at the hub ( L =  ti ).
The impeller was positioned in the fan casing of diameter D e ′ = 635 mm, with the clearance between the impeller and the casing s = 2.5 mm (fig. 10 ). The electric motor was positioned inside a half cylinder of the same diameter as the impeller hub diameter (D i = 300 mm), with a semi-spherical ending, which allowed for the flow around the electric motor and the hub with as small a loss as possible, ensuring the equal intake of the air flow into the impeller along the height of the blade, fig. 10(b) . 
Experimental testing
The testing and obtaining of the operating characteristics of the fan was conducted by air loading on the suction side of the fan, for a nominal rotation speed of the electric motor n = 1405 rpm [5, 6] .
The testing was conducted on a standard test rig (AMCA 210), with the suction duct with the diameter D = 690 mm ( fig. 11) , in the Laboratory for Hydraulic and Pneumatic Testing of the Faculty of Mechanical Engineering in Niš (fig. 12) . Apart from measuring the pressure and determining the flow, the electrical magnitudes at the entry into the electric motor of the fan, and the rotation speed of the fan and air parameters in the laboratory (atmospheric pressure and temperature) were also measured [2, 5] . The power of the electric motor was P M = 1.5 kW, the characteristics of which were known and are shown in fig. 13 . The volume flow rate was determined on the basis of the measured and mean pressure rate in the cross section I-I. The dynamic pressure was measured with the Prandtl probe in five points that were deployed on the defined radii [2, 6] . The total rise in the pressure in the fan was determined as the difference of total pressures behind (p IItot ) and in front of the fan (p Itot ):
For testing the fan for suction and free air flow outlet into the atmosphere (fig 11) , the total rise in the pressure in the fan equals the static pressure (vacuum) in the cross-section in front of the fan [3] :
Static pressure in front of the fan was measured in the cross section I-I, using a piezometer ring, while static pressure behind the fan (cross section II-II) was considered as equal to the atmospheric pressure.
The efficiency of the electric motor is given in dependence of the input power of the electric motor P 1 .
Measuring instruments
The characteristics of measuring instruments are given in tab. 4 to 7. The fan achieved the optimal operating parameters (maximum value of efficiency) for position: The achieved efficiency is high for reversible axial fans with straight blade profiles. This shows that the blade profiles were calculated well, and that the obtained impeller with straight blade profiles is energy efficient. The efficiency of the designed fan is 12% higher than for the fans that have thus far been used in dryers, which will reflect directly on the efficiency of the entire dryer.
By using the designed fans, the electricity needed to drive the fans is reduced to 0.18-0.27 kW/m 3 of timber. 
